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Thermodynamics  of  the  Tungsten-Oxygen  System 

F.  E.  Rizzo,  L.  K.  8idw<sli,  and  D.  F.  Frank 


The  solid  electrolyte  galvanic  cell  technique  was 
used  to  measure  the  aG°  oj  various  reaction :  of  the 
iV  0  system  in  the  temperature  range  700 4  to  1U00°C. 
The  results  may  be  represented  by  the  following 
linear  equations: 
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AG/  =  -68.660  +  20.31  T <°K)  ±  300  cal 
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lained  by  gas  equilibration  measurements,  in  support 
of  ’he  long- contested  existence  of  WjO.  Phillips  and 
Chang,11  on  the  other  hand,  were  not  able  to  observe 
this  phase  under  similar  experimental  conditions. 

The  purposes  of  this  work,  which  is  part  of  a  con¬ 
tinuing  investigation  of  the  W-Mo  system,  were  to  re¬ 
solve  the  discrepancies  between  the  aG°  measured 
by  gas  equilibration  and  solid  electrolyte  galvanic  cell 
techniques,  to  extend  the  latter  measurements  to  lower 
temperatures,  to  redeter,v'’T''’  wo.  -  wo.. 
decomposition  temperatures,  and  to  apply  the  more 
sensitive  electromotive-force  method  to  the  question 
of  the  existence  of  W30. 
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AG/v  =  -66.765  +  26.76  T CK)  ±  500  cal 
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The  measured  free-energy  changes  varied  slightly 
with  purity.  These  results  differ  significantly  from 
earlier  electromotive-force  measurements.  Excellent 
agreement  ivas  obtained  with  recent  gas  equilibration 
measurements.  The  present  results  do  not  support  the 
presence  of  B’jO. 


JLHE  poor  high-temperature  oxidation  resistance  of 
the  refractory  metals  becomes  an  important  problem 
as  higher  operating  temperatures  are  sought.  A 
meaningful  analysis  of  their  oxidation  behavior  re¬ 
quires  a  knowledge  of  the  phases  that  can  appear  dur¬ 
ing  oxidation  as  well  as  their  relative  stability.. 

Although  several  extensive  investigations  have  hjeen 
carried  out  to  obtain  this  information  for  the  W-O  sys¬ 
tem,1-10  serious  inconsistencies  still  remain.  First, 
the  standard  free  energies  of  formation  (AG°)  deter¬ 
mined  in  recent  studies  which  used  the  solid  elec¬ 
trolyte  galvanic  cell  technique®’7’*  differ  significantly 
from  those  obtained  primarily  from  gas  equilibration 
measurements.1’3’*’10  The  disagreement  is  especially 
large  for  the  highest  oxides.  These  data  have  been 
used  to  predict  the  decomposition  temperatures  of 
WO2.72  and  WO2.S0.1  A  considerable  extrapolation  Is 
required,  resulting  in  a  large  uncertainty  in  the  de¬ 
composition  temperatures.  Seccnd,  Bousquet  and 
Perachon3  have  presented  convincing  evidence,  ob- 
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I)  EXPERIMENTAL  PROCEDURE 

The  measurement  of  aG°  of  reaction  by  the  use  of 
calcia-stabilized  zirconia  solid  electrolyte  galvanic 
cells  has  been  described  previously.12  The  method  is 
based  on  the  measurement  of  the  difference  in  chemi¬ 
cal  potential  of  oxygen  between  an  electrode  contain¬ 
ing  the  two  oxides  of  interest  and  a  reference  elec¬ 
trode  of  known  oxygen  activity. 

Two  different  types  of  cell  holders  were  used  in  this 
study.  'ihe  first  type  of  apparatus  has  been  described 
earlier.12  It  consisted  of  two  solid  electrodes  separ¬ 
ated  by  a  disc  of  electrolyte.  Both  electrodes  were 
exposed  to  the  same  stream  of  purified  helium .  With 
this  design  a  gaseous  transport  of  oxygen  between  the 
two  electrodes  is  possible.  The  second  type  of  appara¬ 
tus,  which  has  also  been  described  earlier,14  effec¬ 
tively  separated  the  two  electrode  atmospheres.  It 
utilized  a  closed-end  impervious,  calcia-stabilized 
zirconia  tube  that  was  open  to  the  atmosphere.  The 
tube  served  as  an  electrolyte  for  the  cell  and  provided 
a  means  for  separating  the  anode  compartment,  which 
was  held  under  a  static  vacuum,  from  an  air  reference 
cathode. 

The  cells  and  reactions  of  interest  are  described  in 
Table  I.  High-purity  tungsten  metal  was  obtained  from 
the  Fansteel  Metallurgical  Corp.  and  the  Allied  Chem¬ 
ical  Corp.  Table  D  contains  an  analysis  of  each  ma¬ 
terial.  WOs  was  prepared  by  oxidizing  the  metal  in 
air  at  approxima  ely  f.0(FC  in  high-purity  recrystallized 
alumina  boats  and  by  the  dehydration  of  reagent-grade 
tungstic  acid  in  alundum  boats.  The  two  methods  of 
preparing  WOj  resulted  in  slightly  different  purities. 


Tobl.  1 

Cell 

Virtual  Reaction* 

W,  WO,/elcctrolyte/reference 

v^o,  — 1*0, 

1 

WO,,  W’Oj.^electrolyte/referencv 

0^5  ®°i  *  (TJ!  w0>.» 

1; 

WO,.,,,  WO,.t,/electroiyte/reference 

(m5 

hi 

WO,.K,  WO/electrolyte/reference 

0.10  *  2“  ^  0.10 

IV 

•The  standard  states  for  each  reaction  are  the  solid  reactant  and  prod¬ 
uct  in  mutual  equilibrium  at  the  given  temperature. 
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Suboxides,  with  oxygen  contents  corresponding  to  either 
extreme  of  die  stoichiometry,  were  produced  by  pither 
oxidizing  the  metal  or  lower  oxide  or  reducing  a  higher 
oxide  witn  an  excess  of  the  next  higher  oxide  as  an 
oxidizing  agent  or  the  next  lower  oxide  as  a  reducing 
agent.  The  reactions  were  carried  out  at  75 ‘TC  for  a 
minimum  of  2  days  m  a  sealed  quartz  chamber.  The 
X-ray  analysis  and  color  ol  the  oxides  produced  by 
this  method  compared  well  with  the  data  published  by 
Magneli.15  The  electrodes  were  prepared  from  the  re¬ 
quired  oxides  as  described  earlier.12  They  contained 
approximately  80  vol  pet  of  the  lower  oxygen  activity 
oxide.  For  each  reaction  the  electromotive-force  was 
measured  for  a  minimum  of  three  cells  with  both  in¬ 
creasing  the  decreasing  temperature.  The  electromo¬ 
tive-force  was  taken  to  be  the  equilibrium  value  when 
three  readings  at  30-  nin  intervals  varied  by  less  than 
0.5  mv.  Values  on  heating  and  cooling  and  between 
duplicate  cells  were  in  good  agreement.  Holding  times 
of  up  to  2  weeks  were  used  when  examining  the  lower- 
temperature  regions.  The  cells  studied  did  not  seri¬ 
ously  polarize  except  at  the  lowest  temperatures.  They 
recovered  from  momentary  polarization  currents  of 
several  milliamps  in  less  than  a  day  at  8503C.  Little 
reaction  of  the  tungsten  rich  electrodes  with  the  elec¬ 
trolyte  was  observed.  The  higher  oxides,  especially 
WOS)  were  found  to  discolor  the  electrolyte  after  con¬ 
siderable  exposure.  Since  no  drift  in  electromotive- 
force  for  periods  up  to  a  month  was  observed  for  the 
W-WO2  and  WO2-WO2.72  cells,  it  was  concluded  that 
electrode-electrolyte  reactions  were  not  important  in 
these  cells.  In  all  cases,  the  cells  used  to  calculate 
A G°  were  stable  for  periods  in  excess  of  2  weeks. 

II)  RESULTS  AND  DISCUSSION 

W-WO2.  The  standard  free-energy  changes  (A G{) 
for  the  oxidation  of  tungsten  inetal  to  WO2  were  deter¬ 
mined  from  twenty-three  cells  of  type  I.  Although  an 
unusually  large  number  of  cells  were  used  for  this 
determination,  only  a  few  points  were  obtained  from 
many  of  them.  These  were  used  primarily  for  studying 
the  effects  of  reference  electrode,  oxide  purity,  and 
metal-oxide  ratio,  and  in  attempts  to  detect  the  for¬ 
mation  of  WjO.  Cells  using  VU-CU2O,  Fe-FexQ,  and 
air  reference  electrodes  yielded  values  of  AGf  that 
were  in  excellent  agreement,  indicating  that  gas 
transport  between  W-WO2  and  these  reference  elec¬ 
trodes  was  not  significant.  The  AGf  calculated  from 
all  the  data  are  shown  in  Fig.  1  and  can  be  represented 
by  the  least-squares  equation  AGf  =-€8,660 
+  20.31  TfK)±  300  cal  per  g-atim  of  oxygen.  Early 
experiments  were  made  with  oxides  prepared  from 
the  dehydrated  H2WO«.  Later  experiments  were  made 
with  the  WOj  produced  from  oxidized  metal.  Semi- 
quantitative  analysis  of  the  electrodes  after  use  showed 
differences  of  50  to  200  ppm  Si  and  Fe.  The  AGf  for 
the  lower-purity  oxides  were  more  negative  by  200 


TobU  II.  Spectrogrophic  Analyses  for  Impurities 
Impurity-weight  ppm 

in  Tungsten  Metals, 
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cal  at  1300"K  and  500  cal  at  1000" K  than  those  of  the 
higher -oijrity  oxid<?-s 

As  can  be  seen  m  Fig.  1  the  agreement  is  good  be¬ 
tween  the  AGf  obtained  in  this  investigation  and  pre¬ 
vious  measurements.  Most  of  the  previously  reported 
data  fall  within  the  ±300  cal  uncertainty  limits  sug¬ 
gested  for  the  equation  presented  here.  The  slopes  of 
all  the  determinations  except  that  of  Barb!  are  very 
similar. 

As  can  be  seen  in  Fig.  1  Bousquet  and  Perachon* 
observed  a  peritectoid  reaction  at  873°C  which  they 
interpreted  as  the  formation  of  WjO.  They  obtained 
distinct  experimental  values  for  the  W-W30  and 
W3O-WO2  equilibria.  The  data  for  these  two  equi¬ 
libria  can  be  combined,  as  required,  to  yield  the  cor¬ 
rect  values  for  the  extrapolation  of  the  W-WO2  equi¬ 
librium.  The  electromotive  force  measurements  ob¬ 
tained  here  do  not  indicate  this  peritectoid  reaction. 
No  deviations  greater  than  25  cal  were  obtained  from 
the  linear  relation  of  AGf  with  temperature  above 
750*0  for  periods  in  excess  of  3  weeks. 

Phillips  and  Chang11  were  also  not  able  to  observe 
W30  by  X-ray  diffraction  after  prolonged  reaction  be¬ 
tween  tungsten-water  vapor  and  tungsten-tungsten 
trioxide.  Thus,  the  presence  of  W30  above  750cC  is 
not  supported.  Hagg  and  Schonberg17  prepared  what 
earlier  investigators  called  8  tungsten  by  the  elec¬ 
trolysis  of  molten  salt.  The  oxide,  WjO,  was  proposed 
based  on  an  analysis  of  their  X-ray  data.  They  ob¬ 
served  X-ray  diffraction  lines  of  0  tungsten  and  WO2 
after  heating  this  material  to  75(fC  for  3  hr.  Conse¬ 
quently,  measurements  were  made  in  the  temperature 
range  609*  to  750’C  m  order  to  investigate  the  possi¬ 
bility  that  W3O  is  formed  at  lower  temperatures  than 
were  reported  by  Bousquet  and  Perachon.  Measure- 


Pierre  el  al.  (gas  eqi'ilibration;1  4,  this  investigation  (elec¬ 
tromotive- force),  5,  Barbi  (electromotive-force),2  6,  Vasil’eva 
et  al.  (electromotive-force);6’9  7  Griffis  (gas  equilibration);10 
8,  Ackermann  and  Rauh  (effusion);f  9,  Vasii’eva  et  al  (gas 
equilibration).8 
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ments  in  this  temperature  range  are  more  difficult  be¬ 
cause  of  retarded  diffusion  and  reaction  rates.  Oc¬ 
casionally,  deviations  from  linearity  were  observed. 
However,  these  occurred  only  with  electrodes  made 
from  the  lower-purity  oxides  and  only  when  the  elec¬ 
trodes  were  exceedingly  tungsten-rich.  The  deviations 
from  linearity  were  not  reproducible  and  were  of  a 
much  larger  magnitude  than  Bousquet  and  Perachon's 
data  indicated.  While  the  negative  results  obtained  in 
the  eCCP  to  TSffC  temperature  range  are  net  sufficient 
to  deny  the  occurrence  of  W30,  the  weight  of  evidence 
is  against  it.  It  is  probable  that  the  observations  of 
WjO  are  due  to:  1)  impurity  effects  as  suggested  by 
Worrell;18  2)  a  metastable  allotrope  of  tungsten 
stabilized  by  small  amounts  of  oxygen  as  later  pro¬ 
posed  by  Worrell;10  or  3)  a  phase  stable  only  under 
certain  experimental  conditions  of  pressure  and  tem¬ 
perature  as  has  been  recently  observed  in  a  similar 
tantalum  suboxide.20 

WP2-WO 2.T2.  The  aGJi  for  the  oxidation  of  W02  to 
WOj.n  were  calculated  from  six  cells  of  type  II  using 
Cu-Cu20  and  air  reference  electrodes.  These  data 
were  in  good  agreement  and  quite  stable  with  time. 
Measurements  were  also  made  on  cells  using  Fe- 
FexO  and  Ni-NiO  reference  electrodes,  but  were  dis¬ 
carded  as  they  were  neither  consistent  nor  stable. 

Both  the  direction  of  the  electromotive-force  drift 
and  the  appearance  of  the  electrodes  suggested  the 
occurrence  of  oxygen  transport.  The  oxygen  transport 
in  CU-CU2O  vs  WO2-WC2.T2  cells  could  be  tolerated, 
even  though  they  have  a  larger  difference  in  oxygen 
activity,  presumably  because  of  the  differences  in 
relative  diffusion  rates.  All  the  data  using  Cu-CujO 
and  air  reference  electrodes  may  be  represented  by 
the  linear  least-squares  eq  lation  AGfi  =  -59,640 


5.  Vasil’eva  et  al .  (electromotive-force);6^,  Vasil'eva  cl  al 
(gas  equilibration);8  7.  Griffis  (gas  equilibration);10  8,  this 
investigation  (electromotive-force) 
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+  15.01  7T K)  i300  cal  per  g-atom  of  oxygen.  The 
higher-purity  oxides  yielded  values  of  AGji  approxi¬ 
mately  200  cal  less  negative  than  the  lower -purity 
oxides. 

The  AG'h  determined  here  are  presented  together 
with  those  of  other  investigators  m  Fig.  2  Unlike  the 
situation  for  the  W-W02  equilibrium  our  data  are  con¬ 
siderably  less  negative  than  much  of  the  ea.  her 
work.4'10  However,  the  agreement  with  St.  Pierre 
et  al .‘  and  with  Vasil’eva  cl  al.  ifor  the  single  compo¬ 
sition  W02.?so f  is  quite  good.  A  comparison  with  the 
majority  of  their  results  is  rather  difficult.  In  early 
work  they  reported  no  variation  of  AG’11  witnin  the 
composition  limits  WO2.5s-WO2.719-'  These  results 
were  m  good  agreement  with  their  gas  equilibration 
measurements.8  In  a  paper  covering  the  compositions 
WO2.702-WO2.7so,  which  overlaps  tne  above  composition 
range,  they  reported  less  negative  results  that  varied 
with  composition.  The  range  of  electromotive-forces 
covered  by  this  later  paper  include  the  values  of  our 
observations.  Since  the  electromouve-force  is  con¬ 
stant  throughout  a  two-phase  region,  a  single-phase 
region  was  indicated.  If  gas  transport  of  oxygen  oc¬ 
curred  in  their  experiments,  as  we  suspect,  the  re¬ 
sulting  error  would  cause  the  more  negative  results 
they  reported.  The  agreement  between  their  results 
for  the  composition  W2.7}  and  our  measurements  sup¬ 
port  this  hypothesis.  According  to  Gulbransen21  the 
composition  limits  for  W02.72  at  120(TC  are  WO2.700 
to  WO2.75S.  Thus,  W02.7S  would  appear  to  be  in  the 
WO2.72-WO2.90phase  field.  A  reduction  of  the  W02.t» 
by  gaseous  transport  of  oxygen  would  result  in  aGj; 
consistent  with  our  measurements  in  the  W02-W02.t2 
phase  field. 

We  favor  the  less  negative  results  obtained  here 
because  rf  the  agreement  of  AGji  obtained  with 
various  leference  electrodes  and  the  stability  and 
reproducibility  of  the  data 

WO2.72-WO2.9Q.  The  A  Gin  for  oxidation  of  WO2.T2 
to  W02.9o  were  calculated  from  four  cells  of  type  III. 
Only  air  reference  electrodes  were  used  for  these 
measurements  because  of  the  difficulties  encountered 
with  gas  transport.  Our  results  may  be  represented 
by  the  linear  least-squares  equation  AGfn  =  -67,860 
+  24.21  7TK)±  300  cal  per  g-atom  of  oxygen.  The  ex¬ 
perimental  scatter  for  a  given  cell  was  somewhat 
greater  than  for  the  first  two  reactions.  This  can  be 
attributed  to:  1)  the  smaller  amount  of  oxygen  re¬ 
quired  for  this  reaction  which  lowers  the  buffering 
capacity  of  the  electrode,  increasing  sensitivity  to 
leaks;  2)  the  volatility  of  W02.9o,  which  was  observed 
to  coat  the  cool  ends  c>f  the  apparatus;  and  3)  the 
contamination  of  the  electrolyte.  The  latter  was  evi¬ 
dent  from  a  surface  die -oloration  that  could  be  ob¬ 
served  after  prolonged  use.  Despite  the  greater  ex¬ 
perimental  scatter  for  an  individual  cell,  the  total 
scatter  for  all  the  cells  was  similar  to  that  observed 
for  the  lower  oxides.  This  would  infer  that  AGni  is 
less  sensitive  to  small  changes  in  purity  than  either 
AG|  or  aG|i. 

The  AGfn  determined  here  are  compared  with  the 
results  of  other  investigators  in  Fig.  3.  The  results 
of  this  investigation  are  in  good  agreement  with  the 
gas  equilibration  data  of  Bousquet  and  Perachon.4  Two 
cor  positions  studied  by  Vasil’eva  et  al.1  (WO2.7S0  and 
W02  .877)  should  f<iil  within  the  WO2.72~WOj.90  two~phns6 
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field.  As  pointed  out  above,  the  ACj[!  of  W02.75o  are 
more  characteristic  of  WO2-WO2.7?  equilibrium.  The 
agreement  with  their  WOi.tn  data  is  reasonable  con¬ 
sidering  that  their  equation  represents  only  four  data 
points  obtained  from  a  single  cell.  The  agreement  of 
the  results  obtained  here  are  only  in  fair  agreement 
with  the  work  of  St.  Pierre  el  at.1  This  is  somewhat 
surprising  in  view  of  the  excellent  agreement  for  the 
other  reactions  studied. 

WO2 j9o - WO3 .  The  aG?v  for  the  oxidation  of  W02.9o 
to  WO,  were  calculated  from  only  two  cells  of  type  IV. 
However,  a  total  of  forty-one  measurements  were 
made.  Air  reference  electrodes  were  used  i  'r  both 
of  tli-'se  cells.  The  results  may  be  represented  by  the 
least-squares  equation  ACjy  =  -66,765  +  26.76  7TK) 

±  500  cal  per  g-atom  of  oxygen.  These  data  and  the 
results  of  other  investigators  are  presented  in  Fig.  4* 

•Note  that  the  scale  ip  Fig.  4  has  been  compressed  relative  to  that  of 
the  fust  three  figures. 

The  difficulties  involved  in  studying  these  oxides  is 
evidenced  by  the  very  large  range  of  values  of  other 
investigators.  Nevertheless,  the  results  presented 
here  are  in  excellent  agreement  with  the  gas  equi¬ 
librium  measurements  of  both  St.  Pierre  el  al.1  and 
Bousquet  and  Perachon.4  Vasil’eva  el  al.'  studied  a 
variety  of  compositions  (WO2.92c-WO2.976)  that  should 
be  within  the  WOp.m-WOj  two-phase  field.  Their  re¬ 
sults  were-  not  independent  of  composition  but  varied 
by  as  much  as  11  keal.  It  should  be  pointed  out  that 
the  equations  for  their  data  indicate  that,  foi  a  given 
temperature,  the  Pq2  in  equilibrium  with  WO2.950  is 
lower  than  that  in  equilibrium  with  WO2.945.  This 
casts  further  doubt  on  the  reliability  of  the  composi¬ 
tions  reported  in  their  paper. 


T  *K 


Fig.  3— AGjj,  for  the  reaction  (l/O.lSBVOj  j,  +  4Cb 
■=  (l/0.i8)WQ;  J0:  1,  St  Pierre  et  a!  (gas  equilibration);1 
2.  Bousquet  and  Perachon  (gas  equilibration);1  3,  Vasil’eva 
el  al.  (electromotive-force);1  4.  Griffis  (gas  equilibration);10 
5.  this  investigation  (electromotive-force). 
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Fig  l-AGiV  for  the  reaction  (l/O.lOjWOj  sc  -  40, 

—  (l/0.10)WO;.;  1,  St.  Pierre  et  al  (gas  equilibration);1 
2.  Bousquet  and  Perachon  (gas  equilibration);1  3,  Ackermar.n 
and  P.auh  (effusion),1  4,  tasileva  el  al.  (electromotive-force),' 
5.  Griffis  igas  equilibration),10  6.  this  investigation  (electro¬ 
motive-force). 
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Fig.  5— Summary  of  AGv,s  in  the  \t-0  system. 
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A cal  per  g-atom  of  Oxygen 

JWjO.a^WO, 

-68,660  *  20.31  TfK) 

1 

-66,272  *  18.90  T(aK) 
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-66,371  ♦  19.23  T(°K) 
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-56,384  •  19.48  7"(°K) 

4 

ill)  GENERAL  DISCUSSION 

The  narrow  uncertainty  limits  indicated  above  point 
out  the  accuracy  possible  with  the  solid  electrolyte 
galvanic  cell  technique.  Although  the  results  are  not 
as  precise  as  some  obtained  for  the  simpler  metal- 
metal  oxide  measurements  (e.g.,  Ref.  14),  they  are 
more  precise  than  those  obtainable  by  other  methods. 
In  general,  the  agreement  with  previous  gas  equilibra¬ 
tion  measurements,  especially  those  of  St.  Pierre 
et  al.,1  is  excellent.  The  generally  poor  agreement 
with  Vasil’eva  et  a/.8’7'9  can  be  attributed  to  gas  trans¬ 
port  in  their  apparatus.  They  used  a  disc  -type  elec¬ 
trolyte  which,  as  mentioned  above,  permits  gas  trans¬ 
port.  In  addition,  their  data  were  obtained  in  vacuum 
rather  than  the  purified  flowing  helium  atmosphere 
used  in  this  work.  Our  experience  using  an  evacuated 
chamber  for  this  type  of  apparatus,  as  well  as  the 
experience  of  others,11  has  been  unsatisfactory. 

The  standard  free  energies  of  formation  of  the  four 
oxides  studied  can  be  calculated  from  the  AG°  pre¬ 
sented  herein.  The  values  calculated  can  be  repre¬ 
sented  as  shown  in  Table  m.  For  these  calculations 
the  activity  of  the  oxide  at  either  stoichiometry  limit 
is  assumed  to  be  the  same.  This  assumption  is  valid 
for  compounds  with  small  deviations  from  stoichiom¬ 
etry.  The  composition  limits  obtainable  from  the  elec¬ 
tromotive-force  measurements  of  VasU’eva  et  al ?  are 
subject  to  doubt  because  of  the  disagreements  pointed 
out,  especially  with  the  higher  oxides,  and  because 
of  the  strong  probability  of  uncontrolled  gaseous 
transport  of  oxygen  between  the  mixed  tungsten  oxide 
and  reference  electrodes.  Elsewhere,  deviations  from 
stoichiometry  of  the  order  of  1  at.  pet  have  been  re¬ 
ported.21  E  appears  ;hat  the  assumption  of  constant 


activity  is  reasonable. 

As  expected,  the  reported  polymorphic  transitions 
in  the  oxides  were  not  observed.  The  small  change  in 
slope  of  the  tree  energy  of  reaction  with  temperature 
was  undoubtedly  masked  by  the  experimental  scatter 
of  the  technique.  The  temperatures  for  the  three- 
phase  equilibria  WO2-WO2.72-WO2.so  and  WOj-WOi.so- 
WO3  determined  from  the  intersection  of  the  approp¬ 
riate  a<7” s  are  620°  and  280?C,  respectively,  see 
Fig.  5.  Previous  estimates  ranged  from  50(T  to  62CPC 
for  the  WO2-WO2.72-WO2.9c  equilibrium  and  416°  to 
580°C  for  the  WO2-WO2.80-WO3  equilibrium.1’8’11  How¬ 
ever,  it  should  be  pointed  out  that  a  smaller  extrapo¬ 
lation  was  required  herein. 
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